The authors have synthesized InN quantum dots by ion implantation into a Si ͑100͒ substrate followed by a postannealing process. X-ray photoemission spectroscopy data verified the formation of In-N bonding in both as-implanted and postannealed samples. Diffraction patterns from transmission electron microscopy ͑TEM͒ confirm that the dots are of cubic crystal ͑zinc-blende phase͒ with no presence of wurtzite InN. The silicon matrix provides a constraint for the formation of the InN cubic metastable phase. However, dislocations were revealed by high resolution TEM at the interfaces between the dots and the silicon. In addition, the authors found that as the annealing temperature or time increases, dot size increases and dot density decreases. Furthermore, they demonstrate that the main emission energy of zinc-blende InN dots is about 0.736 eV. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2766653͔ Indium nitride ͑InN͒ is a potentially important semiconductor because of its superior electrical properties: it has the highest carrier mobility and lowest effective mass of all IIInitride materials. InN can therefore be applied in highfrequency or high-speed electronic devices. The band gap energy of indium nitride ͑InN͒ was recently found at about 0.7-1.0 eV, 1,2 in strong contrast to the previously adopted value of 1.9 eV. The finding has stimulated enormous interest in this material system; however, research regarding InN up to this point has concentrated mainly on wurtzite InN ͑h-InN͒, with much less attention paid to zinc-blende InN ͑c-InN͒. For example, Yamamoto et al. 3 and Lima et al. 4 attempted to grow c-InN on substrates with a cubic structure, such as GaAs and InAs, but the result was often a mixture of zinc-blende and wurtzite phases, and the measured properties were therefore unconvincing. c-InN, a metastable phase of InN system, is believed to have an even lower electron effective mass ͑0.048m 0 ͒ than the wurtzite type ͑0.069m 0 ͒, 5 which should result in higher electron mobility and higher drift velocity. Additionally, the strong piezoelectric field, which is always found in wurtzitestructured nitrides, could be effectively eliminated by isotropic nature of c-InN. With regard to its optical properties, unlike h-InN, only a few papers have experimentally reported the band gap values of c-InN. Although several calculations based on different models have theoretically predicted the band gap value of c-InN to be about 0.6-1.4 eV, 6,7 this is still being debated and needs more experimental evidence to support it.
Indium nitride ͑InN͒ is a potentially important semiconductor because of its superior electrical properties: it has the highest carrier mobility and lowest effective mass of all IIInitride materials. InN can therefore be applied in highfrequency or high-speed electronic devices. The band gap energy of indium nitride ͑InN͒ was recently found at about 0.7-1.0 eV, 1,2 in strong contrast to the previously adopted value of 1.9 eV. The finding has stimulated enormous interest in this material system; however, research regarding InN up to this point has concentrated mainly on wurtzite InN ͑h-InN͒, with much less attention paid to zinc-blende InN ͑c-InN͒. For example, Yamamoto et al. 3 and Lima et al. 4 attempted to grow c-InN on substrates with a cubic structure, such as GaAs and InAs, but the result was often a mixture of zinc-blende and wurtzite phases, and the measured properties were therefore unconvincing. c-InN, a metastable phase of InN system, is believed to have an even lower electron effective mass ͑0.048m 0 ͒ than the wurtzite type ͑0.069m 0 ͒, 5 which should result in higher electron mobility and higher drift velocity. Additionally, the strong piezoelectric field, which is always found in wurtzitestructured nitrides, could be effectively eliminated by isotropic nature of c-InN. With regard to its optical properties, unlike h-InN, only a few papers have experimentally reported the band gap values of c-InN. Although several calculations based on different models have theoretically predicted the band gap value of c-InN to be about 0.6-1.4 eV, 6, 7 this is still being debated and needs more experimental evidence to support it.
In this letter, we report the growth of c-InN quantum dots by sequential ion implantation followed by a postannealing process. We demonstrated that c-InN could be formed by this method and that the size of the InN dots could be adjusted from 3 to 5 nm by controlling the annealing temperature. In addition, no apparent piezoelectric field was found for the c-InN nanocrystals, and the main emission energy of c-InN was found to be about 0.736 eV using photoluminescence ͑PL͒ measurements, which is close to the band gap value predicted by local density approximation ͑LDA͒ calculations. 8 Silicon ͑001͒ wafers topped with a 10 nm thick SiO 2 layer were implanted with 130 keV In + ions, which were accompanied by a rapid thermal annealing process at 925°C for 10 s, then 30 keV N + ions, and finally 50 keV N + ions at room temperature, followed by further annealing processes. The fluences for the In + and N + ions were 5 ϫ 10 18 and 1 ϫ 10 16 cm −2 , respectively. The energies were chosen to maximize the overlap of the implanted concentration distribution of the two species and minimize the induced damage to the lattices. The depth distributions of the two species were confirmed to be identical by secondary ion mass spectroscopy ͑SIMS͒. The depths were in the range of 50-200 nm under the surface and peaked at about 60 nm. After implantation, the samples were furnace annealed in NH 3 atmosphere at 600°C for 1 h, 800°C for 1 h, and 800°C for 10 h, respectively.
Microstructures of the samples were characterized by high resolution transmission electron microscopy ͑HRTEM͒ using a JEOL 2100F microscope equipped with a Gatan image filter operating at 200 kV. Cross-sectional TEM samples were prepared using mechanical polishing followed by Ar + ion milling. X-ray photoemission spectroscopy ͑XPS͒ was used to determine the chemical bonding of the nanocrystals. In addition, the optical properties of the samples were analyzed by PL measurements using a 514.5 nm Ar + laser as the excitation light source, with an enhanced InGaAs detector.
The TEM bright-field images in Fig. 1 show the microstructure evolution of the Si͑001͒ substrate after the ion implantation and postannealing, where ͑a͒ shows the asimplanted sample, and ͑c͒ and ͑e͒ show the samples postannealed at 600 and 800°C, respectively, for 1 h, taken under a two-beam condition, where g = 400. In Fig. 1͑a͒ , the as-implanted sample, three zones can be clearly identified beneath the surface: zone A is the SiO 2 layer; zone B is the damage region, consisting of amorphous silicon ͓Fig. 1͑b͔͒ ranging from 10 to 200 nm beneath the surface, which resulted from ion bombardment; zone C exhibits dark contrast in the boundary region between zone B and the silicon matrix, representing the deepest region reached by the ima͒ Author to whom correspondence should be addressed; electronic mail: cpliu@mail.ncku.edu.tw planted elements. From the TEM micrograph, it is clear that no obvious contrast was found for InN crystals in the asimplanted sample.
However, in the sample annealed at 600°C ͓Fig. 1͑c͔͒, the damaged region, zone B, underwent a slight recrystallization close to zone C and some nanocrystals were found on the side of zone C. For a clear demonstration of the dots, an enlarged view of the energy-filtered HRTEM image of the zone C is shown in Fig. 1͑d͒ . A slight distortion of lattice planes associated with dark contrast could be seen in some regions ͑dashed circles͒ within the Si matrix. This is regarded as direct evidence of the formation of quantum dots. The size and density of the dots were estimated to be about 3 ± 0.5 nm and 3.8ϫ 10 12 cm −3 , respectively. The inset of Fig. 1͑d͒ shows the diffractogram Fourier transformed from the dot region, which displays cubic system with no additional spots from hexagonal structure. This was further confirmed by examining more diffraction patterns from different areas of various samples. In addition, the lattice constant of the dots, estimated from the HRTEM image, is about 0.5± 0.02 nm, which is close to that of c-InN. Although the formation energy of c-InN ͑−0.282 eV͒ is much greater than that of h-InN ͑ϳ21 meV per atom pair͒, 9 the above results indicate that the nanocrystals are of cubic-type InN, and no wurtzite-type InN was formed, which could be interpreted as constrained with Si lattice.
With an even higher annealing temperature of 800°C, some small nanocrystals also formed in zone B ͓Fig. 1͑e͔͒,
12 cm −3 . The diffractogram taken from the dot region, shown in the inset of Fig. 1͑f͒ , still shows the cubic phase. On the other hand, in order to investigate the nature of the interface between dots and matrix, we performed phase ramp mapping 10 of the samples annealed at 600 and 800°C, as shown in the insets of Figs. 1͑c͒ and 1͑e͒ , respectively. Phase ramp mapping reveals lattice variations across the matrix and dot regions in the image, and in the calculated image, the fringes show curves or broken streaks at the interface. In addition, the streaks bend inward at the interface because the InN lattice constant ͑0.5 nm͒ was smaller than Si lattice constant ͑0.543 nm͒. When the annealing temperature was raised to 800°C, the interface condition was improved. However, there are still some defects located at the interface. From the above images, we conclude that the interface between the InN dots and the Si matrix is semicoherent, and that it could be further improved by high-temperature postannealing.
On the other hand, because no c-InN dots were observed in the as-implanted sample, the NH 3 atmosphere during postannealing must play an important role in the formation of the c-InN dots. In order to clearly understand the role of NH 3 in the formation mechanism, we performed the annealing procedure on the implanted sample for longer time: 10 h. From the SIMS spectra ͑not shown͒, it was found that the originally concentrated single band of In and N ions in zone B would broaden and divide into two distinct bands toward zone C if given a longer annealing time. In addition, we also found that no InN nanocrystals were observed in the sample only with In + implantation ͑no N + implantation͒, followed by the NH 3 postannealing process. By comparing the above results, we speculated that the originally implanted N + would result in a damage zone and would further provide an efficient moving channel for N + supplied by NH 3 atmosphere to diffuse and finally form c-InN quantum dots. This means that the size of the dots would be larger as the annealing temperature increases due to the enhanced kinetic energy of the atoms. The supposition is consistent with the results obtained from the TEM analysis.
The formation of InN was further verified by XPS, as shown in Fig. 2 , where ͑a͒ and ͑b͒ display silicon and nitrogen spectra, respectively, at five depths, from the sample annealed at 800°C for 1 h. In Fig. 2͑a͒ , the peaks at 103 eV for curve 1 and 102 eV for curve 2 are attributed to the SiO 2 layer that has slightly different stoichiometry deposited at the surface, and the peaks at 98.6 eV for curves 2-5 are attributed to pure silicon. In Fig. 2͑b͒ , the only peak at 398.6 eV for curve 1 is attributed to surface nitrogen contaminants introduced during annealing, and the peak at 396.5 eV for all other curves is attributed to In-N bonding. 11 These two figures clearly confirm that InN compound has formed over some range of thicknesses ͑from approximately 30 to 200 nm͒ without the apparent formation of any other nitrides, especially silicon nitride, within the Si matrix. Figure 3 shows the room-temperature PL spectra of the samples annealed at 600 and 800°C for 1 h. Both spectra show broad emission bands, which were further decomposed by Gaussian shape modeling with a high Rˆ2 value of 0.995. For the sample annealed at 600°C, the main emission is located at 0.736 eV with a full width at half maximum ͑FWHM͒ of 46 meV. This emission energy is close to the FIG. 1. TEM bright-field cross-sectional images under a ͑400͒ two-beam condition for the samples ͑a͒ as-implanted, ͑c͒ annealed at 600°C for 1 h, and ͑e͒ annealed at 800°C for 1 h, with the respective HRTEM image of zone C shown in ͑b͒, ͑d͒, and ͑f͒. The insets of ͑c͒ and ͑e͒ are phase ramp mapping images of the samples annealed at 600 and 800°C, respectively, and those of ͑d͒ and ͑f͒ are Fourier transformed images taken from the dot region for the samples annealed at 600 and 800°C, respectively. theoretically predicted band gap value of 0.74 eV postulated by Bagayoko et al., using the LDA-Bagayoko-ZhaoWilliams ͑LDA-BZW͒ method. 8 Because of the apparent distribution of various defects found in the sample, it is possible that the emission is also relevant to the defect-related emission of the Si matrix. However, we can rule out this possibility because only 0.8, 0.89, 0.95, and 1.00 eV have been identified corresponding to dislocation lines D1, D2, D3, and D4, respectively, for nitrogen-implanted silicon subjected to thermal treatment. 12, 13 In addition, it is worth mentioning that the FWHM of the main emission is small, unlike defectrelated bands, which are usually associated with a broad FWHM. Therefore, when one attempts to assign the main emission to originate from the near-band-edge of zinc-blende InN, several effects such as quantum confinement effect, band-filling effect, and intermixing behavior may exist in the c-InN quantum dot samples to complicate the interpretation. In addition, the other weaker side peak located at the lower energy side of 0.69 eV is possibly related to the phonon replica of the main peak 14 or the donor-acceptor-pair recombination emission of the c-InN dots. The detailed origin of this emission is still under study.
For the sample annealed at 800°C, though the dot size is larger than that of the sample annealed at 600°C, the main peak still remains in the same position, indicating that no size effect is observed in our case. It is possible that luminescence from larger nanocrystals dominates the spectra for both samples. In addition, although the strain within the InN dots of the sample annealed at 800°C is larger ͑more coherent at the interface͒ than that of the sample annealed at 600°C, no apparent shift in emission energy was observed, indicating a weak piezoelectric field in the c-InN quantum dots.
In conclusion, the zinc-blende InN ͑metastable phase͒ quantum dots have been fabricated by ion implantation followed by postannealing. The lattice confinement of the silicon matrix should be the main reason why the metastable phase can exist. HRTEM images and phase ramp mapping reveal that the interface is semicoherent, and the situation can be further improved further by postannealing process. In addition, the main emission energy of zinc blende InN quantum dots was measured to be about 0.736 eV by PL measurement, which is close to the theoretically predicted band gap value of 0.74 eV.
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